a n increasing number of extremely preterm (EPT)/ extremely low-birth-weight (ELBW) children survive due to recent advances in neonatal medicine (1) , but new challenges emerge as they attain school age. Even apparently well-functioning EPT children within the normal range of cognitive function often experience learning difficulties and are less likely to complete higher education than their term peers (2, 3) . Recent studies indicate that several preterm children suffer from attention, concentration, and learning difficulties (4) (5) (6) (7) . Impairment of cognitive functions such as working memory and selective attention has been confirmed in preterm children by several authors (8) (9) (10) . Working memory can be considered a "hub" function or connection that is central when it comes to cognitive capacity and is thus of crucial importance when investigating cognitive function (11, 12) . Similarly, selective attention in the sense of being able to shift attention from one focus to another is an equally crucial aspect of normal cognitive functioning. The challenges preterm children meet in everyday life are rarely single-cognitive functions, rather the combined effects of several functions operating in parallel. Tapping only a single function as in most studies therefore limits possible conclusions. The present study included working memory and selective attention in the same task, allowing for evaluation of the combined effects of being born preterm on combined higher cognitive functions.
Some reports suggest that neurodevelopmental impairment following preterm birth may represent deficits in neural networks or development of compensatory networks, as reflected in the pattern of brain activation seen in some preterm children as compared with full-term controls (13, 14) . Functional magnetic resonance imaging (fMRI) has revealed differences in neuronal brain activation between preterm and term children for a range of processes such as memory, language, and auditory measures (15) (16) (17) . A common feature of these studies is that preterm children appear to mostly use the same neuronal pathways as term children, but they display significantly reduced magnitudes of activation. This could possibly indicate a developmental lag in brain maturation, or alternatively, a sign of different pathways between brain structures (often referred to as alternative pathways), leading to different activation patterns (16) . The theory of alternative pathways has been supported by diffusion tensor imaging data (18) . To our knowledge, all previous fMRI studies in this field involved a combination fMRI in preterm children Articles of EPT and more mature preterm children, the number of participants was often small, and none of the cohort samples were population based. Because recent research has provided more knowledge regarding the functional pathways of working memory and selective attention, which are particularly challenging functions to preterm children, it is important to investigate potential differences in activation patterns between EPT/ELBW and term-born children during a selective attention and working memory task (see ref.
19 for review).
We used fMRI and blood oxygen level-dependent (BOLD) contrast to study activation patterns while the children performed a combination of the Stroop color-word task and an n-back working memory task, which combines an assessment of selective attention and working memory.
The aims of the study were to evaluate (i) whether EPT/ ELBW children show different patterns of neuronal brain activation as compared with term-born peers, particularly regarding the involvement of prefrontal areas and the anterior cingulate cortex (ACC), which has been reported to be involved in processes related to selective attention and working memory (20) ; (ii) whether a difference in activation corresponds to differences in response accuracy (RA) and/or reaction time (RT); and (iii) whether any group difference increases with increasing cognitive load.
RESULTS

Participants
Thirty-six preterm children and 36 controls were scanned, but 8 preterm children and 8 controls had to be excluded due to head movement artifacts (>5 mm translation and rotation movements). The final sample thus consisted of 28 (70%) EPT/ ELBW children and 28 term-born controls ( Table 1) .
There was no statistically significant difference between the 12 excluded EPT/ELBW children (8 for movement artifacts plus 4 for reasons given in the Methods section) and the 28 included in analyses regarding gender, handedness, gestational age, birth weight, degree of neurological disability, or level of mother's education.
fMRI Activation Patterns
Main areas of activation. The overall pattern of BOLD activation in the four conditions (word 1-back, word 2-back, color 1-back, and color 2-back) revealed reduced activation in the preterm group as compared with the control group, but the pattern of activation involved the same areas Table 2 and Figure 1 .
Areas of activation were seen bilaterally in the occipital inferior gyrus (Brodmann area (BA) 18/19), the supplementary motor area on the right side (BA 6), bilaterally in an area extending from the ACC (BA 24/32) to the middle frontal and precentral gyrus (BA 6/44/45), bilaterally in insula (BA 47/48), and bilaterally in the angular area extending into the parietal superior and inferior gyri (BA 7/40). The ACC, prefrontal, and parietal areas showed more activation in the 2-back conditions than in the 1-back conditions, indicating increased processing demands in the 2-back conditions. Figure 1 and corresponding Table 2 describe main effects for the different experimental conditions, split for the preterm and control groups. Corresponding Montreal Neurological Institute (MNI, Canada) template coordinates for peak voxel activations for the significant clusters are given in Table 2 .
Word 1-back. Subtracting BOLD activation of the preterm from the control group in the word 1-back condition yielded activation in the supplementary motor area on the right side (BA 6), left ACC (BA 24), and the left calcarine sulcus (BA 17).
Color 1-back. Subtracting BOLD activation of the preterm from the control group in the color 1-back condition yielded activation in the left calcarine sulcus (BA 17), bilateral activation in the middle occipital region (BA 19) , activation in the right supplementary motor area and precentral area (BA 6), activation in the ACC (BA 32), and bilateral activation in the insula (BA 47/48).
Word 2-back. Subtracting BOLD activation of the preterm from the control group in the word 2-back condition yielded activation only in the left middle occipital region (BA 19).
Color 2-back. Subtracting BOLD activation of the preterm from the control group in the color 2-back condition yielded bilateral activation in the middle occipital region (BA 19), activation in the right supplementary motor area (BA 6), bilateral activation in the insula (BA 47/48), bilateral activation in the frontal supplementary area (BA 6/45/47), and activation in the right lingual area (BA 19).
The opposite subtractions, controls minus preterms, showed no remaining activation in any of the four tasks.
To sum up this section, we found significantly more activation in the control group than in the preterm group, mainly in the color 1-back and 2-back conditions. Applying a family-wise error-corrected significance threshold showed no remaining significances. As a check of the robustness of the group-difference activations, we also ran the analyses with a false-discovery rate-corrected (P < 0.05) significance threshold. This showed 
Region of Interest Analysis
A region of interest (ROI) analysis of the ACC revealed less activation in dorsal ACC in the preterm group as compared with the control group in all the four research conditions (P < 0.001; uncorrected, minimum cluster size 10 voxels). For the word 1-back and 2-back conditions, the main area was in BA 32; for the color 2-back condition a larger area also covered BA 24. The preterm group, however, showed no clusters of more than 10 voxels in any of the 1-back conditions. For the color and word 2-back conditions, we found activation in the dorsal ACC also in this group, but subtracting the BOLD activation of the control group from the preterm group left no cluster of more than 10 voxels in any conditions for the preterm group. Subtraction analyses reveal significant clusters of activation in both color conditions (BA 24/32) in the control group that could not be found in the preterm group, indicating that the color conditions were the main sites of group difference.
Tests for Equality of Variances in the Two Groups
Given the intraindividual variability in the BOLD signal in the preterm children across tasks, one could suspect that the BOLD responses in the preterm children are not normally distributed as compared with those of the control children. To test this, we extracted the BOLD signal across a spherical region with a 5-mm radius around the peak voxel for each subject in both the groups in selected ROIs. From the group analysis, three ROIs were chosen as representative of overlapping activations between groups (at Montreal Neurological Institute template coordinates (33, −85, −5) occipital middle (L), (−21, −91, 3) occipital inferior (R), and (5, 19, 51) supplementary motor (R), respectively). Using inhouse scripts built around functions in the Statistical Parametric Mapping 8 (SPM8) software package (Welcome Trust Centre for Neuroimaging, London, UK), intensity within the ROI was averaged throughout the volume on spatially normalized frames for each individual subject and then averaged along the time course grouped by on/off blocks. The relative change in intensity was calculated according to the formula (on/off) − 1. We then tested the differences in homogeneity of variance/covariance matrices using Levene's test (21) . The results of the test showed nonsignificant (P > 0.05) differences between the groups for all three ROIs. We therefore conclude that comparing the premature and the control groups using a general linear model approach, as implemented in SPM8, does not contain any violation of the assumption of equality of variance between the groups. Figure 2 shows probability-probability plots revealing the overlap between expected normal values and the observed values for the preterm children and the controls.
Task Performance
Response accuracy. The three-way ANOVA yielded significant main effects of group, F (1, 54) = 6.00, P < 0.02, with the preterm group having fewer correct responses than the control group, and of load, F (1, 54) = 68.05, P < 0.001, with overall reduced RA for the 2-back as compared with the 1-back condition. There was no significant difference in RA for the instruction factor. The group × load interaction, however, was significant, F (1, 54) = 6.56, P < 0.02, and a post hoc Tukey honestly significant difference test revealed that the reduced RA for the preterm group as compared with the control group occurred mainly for the color 2-back condition (P < 0.05) and was borderline, but not significant, for the word 2-back condition (P = 0.060). The RA results are graphically shown in Figure 3 .
Reaction time. The three-way ANOVA showed significant main effects for the factors load, F (1,54) = 9.097, P < 0.005, and instruction, F (1,54) = 7.75, P < 0.01, showing longer RTs for the 2-back as compared with the 1-back condition, and for processing of the ink color as compared with the word for the participants taken as a whole. There was no significant group effect F (1, 54) = 3.27, P = 0.076, only a trend toward longer RTs for the preterm group as compared with the control group Figure 4 .
Cognitive load. As displayed in the results above, the group difference in BOLD activation patterns was increased in the color 1-and 2-back conditions relative to the other conditions, consistent with the largest group difference in RA being in the color 2-back condition. In other words, the preterm children managed the simple tasks but made more mistakes when the cognitive load was increased.
DISCUSSION
In this regional cohort study we found that 11-y-old EPT/ ELBW children as compared with term-born controls showed overall significantly reduced BOLD activation when performing a working memory-selective attention task, particularly in the more demanding settings. They did, however, display the same pattern of activation as the term-born control group, involving particularly the prefrontal and parietal areas and the ACC. The RA revealed that the main difference between the groups occurred when the difficulty of the task was increased. There was no significant group difference in RT. To our knowledge, there has been no previous study of BOLD activation during a selective attention-working memory task in EPT/ELBW children. Our results are, therefore, unique in showing effect on brain function in a situation requiring simultaneous working memory and selective attention, a common situation that preterm children meet every day. The present study indicates the existence of neuronal markers of selective cognitive impairments at the age of 11 in EPT/ELBW children. The results fit nicely with the few previous fMRI studies of preterm children/adolescents (born <33 wk) looking at response inhibition (22) , language (13, 16, 17, 23) , visual and auditory tasks (14, 24) , and verbal fluency (25) , which also show reduced activation in preterm as compared with term-born children.
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Articles the preterm group in the ACC and prefrontal areas as in the present study. Given that response inhibition is also argued to be one of the factors underlying the Stroop interference effect, this may have implications for other executive functions in preterm children (26, 27) . The additional ROI analysis of the ACC in our study confirmed findings from the main analyses that subtracting activation in the preterm children from that in the control children yielded activation in ACC in both color conditions. This indicates that preterm children rely less on this area than do control children when trying to inhibit an automatic response in the color condition (shift attention from the word cue to the color cue); this effect is intensified when working memory demands are increased as in the 2-back condition. The ACC region is known to be responsive to cognitive load (26) , and reduced activation in this area is found in children with attention-deficit hyperactivity disorder (28) and autism spectrum disorders (29) as compared with control children. On the basis of the present findings and previous studies, we suggest that the ACC is a critical area involved in working memory and selective attention, and that our EPT group displayed reduced activation in this important area. Reduced working memory capacity may explain some of the clinical traits that are seen in preterm children, including reduced attention span, memory capacity, and attention (5,7). Although EPT/ELBW children without major neurodevelopmental disabilities seemingly manage quite well cognitively in everyday life, differences between these children and fullterm controls emerged as the cognitive demands of the experimental tasks increased. This observation is similar to findings in clinical behavioral studies but has not previously been demonstrated by BOLD activation patterns (4-6).
Recent studies have reported increased activation in areas unique to preterm children as compared with controls, and a suggested interpretation has been that they have developed alternative networks (16, 17, 22) . We did not find evidence of increased activation in alternative networks in our preterm group. This may be a consequence of our paradigm not being demanding enough to elicit the use of alternative pathways, or because no alternative pathway was developed for this kind of task, perhaps because they were too young for alternative pathways to have been established. We did consider using a 2-and 3-back version of the n-back task, instead of 1-and 2-back, Figure 1 . Main BOLD activation patterns for preterm children = blue (FWE corrected; P < 0.05), control children = red (FWE corrected; P < 0,05), and control children − preterm children contrasts = yellow (uncorrected; P < 0.001) for the four conditions (a) word 1-back, (b) color 1-back, (c) word 2-back, and (d) color 2-back. BOLD, blood oxygen level-dependent; FWE, family-wise error.
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but this was abandoned because of the risk of floor effects to a very complicated task in children with a cognitive impairment. We do find it unlikely that the 2-back condition was too easy for the participants because the prescanning instructions and the results indicated that they found the 2-back condition quite difficult. This was also tested in our five pilot scans before starting the study.
The reduced RA in the preterm group as compared with the control group for the 2-back conditions is consistent with previous findings (4). Our sample of EPT/ELBW children was extracted from a larger cohort that had lower intelligent quotient scores at 5 y than expected for children born at term (6) . The children in the preterm group displayed slightly longer RTs than the control children, but not enough to obtain a significant difference. The significantly reduced RA for this group cannot be explained by inattentiveness because it took them just as long to process the stimuli as the control children. We would have expected RTs to be shorter if they were answering randomly.
Other studies have found significantly slower RT on neuropsychological tests in children with birth weights below 1,500 g as compared with controls (30) . There is general consensus that children born preterm are more likely to have attention deficit problems than children born at term (for review see refs. 4,5,7). Recent studies suggest that lack of attention in only Articles a few responses may be the cause of the overall prolonged RTs documented in children with attention-deficit hyperactivity disorder (31, 32) . This was a relevant possibility also for our preterm children, and a reason to add RT to our study design. Our data do not, however, support that notion, given that the results showed overall similar/slightly increased RTs in EPT/ ELBW children as compared with controls, not a few long answers. Mulder et al. (33) reported slow processing speed to explain reduced academic attainment in very preterm children, and in adults born with birth weights below 1,500 g, RTs were found to be slower than in control participants (30) . It is possible that the number of participants in our study was too low to confirm such group differences. One of the main strengths of this study is the populationbased study group, which in fMRI studies of preterm children is virtually unique, and the high participation rate. This reduces the risk of effects arising from confounding factors typically found in comparable nonpopulation-based studies with lower sample sizes (16, 17, 22) . The same argument applies to control selection based on time of birth (regardless of socioeconomic status), rather than advertisements (which risks attracting high numbers of well-educated families) or classmates (which will be influenced by geographical factors). Because other fMRI studies include both EPT and more mature preterm children, cognitive impairments among participants could be caused by different mechanisms depending on factors such as gestational age and birth weight. We do, however, acknowledge that a larger sample of participants would have increased the generalizability and strength of our results, and would be a future goal, but is still a challenge in fMRI research, given the costs of MRI examinations.
It is known that performance differences may affect the BOLD signal, although the relationship between performance efficacy and BOLD activation is far from known because the data show both increases and decreases in BOLD activation with better performance. This could be a potential limitation of the study. It is, however, unlikely that these effects could be the primary cause of the BOLD activation differences between the groups in the current study because BOLD activation was significantly different for both the color 1-back-and color 2-back conditions, whereas performance differences were significant only for the color 2-back condition. Another limitation is that the uncorrected between-group comparisons remained significant only for the color 1-back condition after false-discovery rate correction, but the main effect of group still showed remaining activations in the same areas as found for an uncorrected threshold. Given the intraindividual variability in BOLD signal in preterm samples, and the fact that the sample sizes were relatively small, it is possible that the data from the preterm children were not normally distributed at each voxel. This would have argued for using a permutation-based approach based on nonparametric tests for significance, rather than a parametric general linear model approach implemented in the SPM8 analysis software (34, 35) . However, because the between-group normality tests of the BOLD responses in the selected ROIs were not significant, we believe that a difference in error variances between the groups is an unlikely explanation of the results.
In conclusion, using superior methodology to those of previous studies, we have confirmed that children born EPT/ ELBW showed reduced working memory/selective attention capacity for online processing as compared with term controls at the age of 11 y. The reduced response accuracies had neuronal correlates with reduced activation in areas responsible for working memory and selective attention.
The knowledge that our EPT/ELBW children did not attain the same level of cognitive control as term-born controls when demands were increased is important for the future of these children, particularly concerning school performance. If teachers know the importance of not giving multiple messages in one go, and of breaking tasks down into smaller parts for these children, this could improve their achievements and self-esteem. We suggest that the neuronal correlates, as identified by fMRI, are important in understanding attention and cognitive impairments in children born preterm and that this knowledge may contribute to improved outcome through alterations in early treatment strategies, particularly in school matters.
METHODS
Participants
The present cohort study was part of a Norwegian national followup study of children born EPT (36) . The population of children born EPT/ELBW (born before week 28 or birth weight <1,000 g) in 1999 and 2000 in Norway (373 of 638 alive at 2 y of age) were invited to participate at the child's 11 y. From this national cohort, the EPT/ ELBW children born in a region in West Norway (Hordaland and Sogn-og Fjordane counties) were invited to take part in an fMRI/ MRI examination. This region has ~10% of the Norwegian population, and demographic characteristics (e.g., proportions of urban and rural population) are similar to those of Norway as a whole. The regional cohort included 40 EPT/ELBW children and had previously Figure 5 . Explanation of task instructions: In the word 1-back condition the child was instructed to press the response button when the written word presented was the same as the stimulus presented one screen back in the presentation sequence. In the color 2-back condition, the response was based on the ink color of the stimuli being the same as the one presented two screens back in the presentation sequence.
been invited at 2 and 5 y of age for medical and neurodevelopmental examinations (6) . Two subjects could not be traced, one was excluded due to extensive neurological disabilities, and one was excluded due to dental braces that caused artifacts in the EPI images. The remaining 36 children had fMRI scans.
For each preterm child, the next term-born child (gestational age >36 wk) of the same gender with a birth weight above the 10th percentile (>3,000 g) and born at the only obstetric department in Hordaland county (Haukeland University Hospital, where all the preterm children were born) was asked to serve as a control. If they declined, the next child on the list was contacted. Thirty-eight children agreed to participate; two were excluded due to dental braces, and 36 were scanned.
MRI Scanning Parameters
Anatomical and functional (BOLD) MRI data were acquired on a GE Signa HD 1.5 T (Milwaukee, WI) MRI scanner from October 2010 to July 2011. A fast spoiled gradient inversion recovery pulse sequence with standard acquisition parameters was used for the anatomy images, and an EPI sequence was used for the BOLD responses. The parameters of the EPI sequence were TR 3000 ms, matrix 64 × 64, FOV 240 mm, no. of slices 28, slice thickness 5 mm, no gap, and voxel size 3.75 × 3.75 × 5 mm. Fourteen EPI scans/blocks (making a total of 112 scans) and 5 initial dummy scans were discarded before the data were analyzed. Total scan time was ~45 min.
Working Memory-Selective Attention Task
A working memory-selective attention task with single-trial presentations of Stroop color-words in an n-back setting was used (37, 38) . The task was to remember either a word, independent of the color of ink in which it was written, or the ink color independent of the actual word displayed. Participants were requested to press a button held in their dominant hand when a word or ink color matched that presented either 1-or 2-stimuli backward in the sequence. There were four different conditions (word 1-back, word 2-back, color 1-back, and color 2-back). In the word 1-back and 2-back conditions the participants were told to press the response button when the current stimulus word was the same as the word presented one or two words back in the stimulus sequence (Figure 5 ). For the color 1-back and 2-back conditions the subjects were asked to respond to the ink color of the words. The selective attention-working memory task was based on increasing levels of cognitive load in two ways: from the 1-back to the 2-back condition and from the monitoring of the word itself to the ink color of the word (37, 39) . The stimulus sequence is exemplified in Figure 5 .
The children were introduced to the procedure through a short computer program test sampling all four research conditions 15 min in advance of the actual scanning. This also worked as a quick screening for word recognition and possible color blindness that could otherwise interfere with their ability to respond to the correct stimulus. Prior to each of the four conditions, the participants were instructed through headphones which condition was coming next.
The fMRI examination consisted of four runs of the words RED, BLUE, GREEN, and YELLOW, each written in the three incongruent colors (e.g., red written in blue, green, or yellow), making a total of 12 color-word stimuli.
The order of presentation of the four different experimental conditions was counterbalanced in four groups ((i) color 1-back, word 1-back, color 2-back, and word 2-back; (ii) word 1-back, color 1-back, word 2-back, and color 2-back; (iii) color 2-back, word 2-back, color 1-back, and word 1-back; and (iv) word 2-back, color 2-back, word 1-back, and color 1-back), so that one-quarter of the subjects was randomly assigned to one of the four different presentation iterations. This was done in order to avoid any order effects. The stimuli were presented through LCD goggles (Nordic Neurolabs, Bergen, Norway) mounted on the head coil. For each run, there were four ON blocks (A), for which a sequence of 16 stimuli were presented to the participants, and four OFF blocks (B) with no target stimuli, presented serially (A-B-A-B…). In each ON block, there were three to five target stimuli randomly presented, for which the subject was preinstructed to press the responsekey. Each stimulus was presented for 2.25 s followed by a blank interval of 0.3 s. The total time for each ON and OFF block was 40.8 s.
fMRI Data Analysis
SPM8 was used to analyze the BOLD fMRI data. Default preprocessing routines, as implemented in SPM8, were followed for coregistration, realignment, smoothing (8 mm kernel), and normalization (resized voxels 3 × 3 × 3 mm), with default values for high-pass filters (128 Hz) and no global scaling. Main effects were family-wise error corrected, the significance level was set to P < 0.05, and minimum cluster size was set to 10 voxels. Additionally, as family-wise error significance testing was strict to reveal any group differences, false discovery rate significance thresholds were applied. The data were then subjected to first-and second-level significance testing using a 2 (groups: preterm vs. control) × 2 (load: 1-vs. 2-back) × 2 (instruction: word vs. color) factorial design (ANOVA) and analyzing simple main effects with post-hoc Tukey tests for selected ON-OFF block contrasts, specified for the instruction and load factors, and for the corresponding breakdown of these factors into simple effects. For the control minus preterm and preterm minus control BOLD contrasts, an uncorrected (P < 0.001) significance threshold was applied with a minimum cluster size of 10 voxels. The MRICron software (Neuroimaging Informatics Tools and Resources Clearinghouse, Washington, DC) was used to identify the anatomical location of significantly activated clusters, yoking the Anatomical Automatic Labeling atlas (40) and the Brodmann atlas templates.
The ACC is known to be a particularly important area concerning attention, executive functions, and cognitive control (20, 26) . This region was therefore chosen for a ROI analysis in which only the ACC was analyzed and compared in the two groups (MARINA software, masks for region of interest analysis, version 0.6.1; Bender Institute of Neuroimaging, Giessen, Germany). Significance level was set to P < 0.01 and minimum cluster size was set to 10 voxels.
Informed written consent from the parents and oral consent from the children were collected. The project was approved by the Regional Ethics Committee for Medical Research in western Norway (REKVest #2009/2271).
